PURPOSE: Performance of anatomical metrics of Response Evaluation Criteria in Solid Tumors (RECIST1.
Introduction
Despite the continuous progress in diagnosis and treatment, the prognosis of pancreatic cancer remains very poor [1] . In the USA, the number of estimated new pancreatic cancer patients in 2018 is 55,440, whereas the number of pancreatic cancer estimated death in 2018 are 44,330. This indicates the number of patients with pancreatic cancer is almost equal to the number of pancreatic related deaths [2] . Treatment regimens of this disease are determined on the basis of the extent and resectability of pancreatic cancer that has primarily been evaluated by contrast-enhanced abdominal computer tomography (abdominal CE-CT) [3] [4] [5] . Moreover, evaluation of neoadjuvant treatment effect/response and prediction of resectability were [6, 7] also assessed solely based on anatomical changes using computer tomography (CT) or CE-CT images, following guidelines of Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [8] . Anatomical-based changes criteria typically refer to tumor shrinkage or increase in size that has been defined commonly as complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD) [8] . However, the wide range spanned by the current cutoff values of 30% decrease considered for PR, 20% increase considered for PD and neither sufficient 30% shrinkage nor 20% increase considered for SD using RECIST1.1 may delay detection of disease progression and regression [9] In addition, a potential limitation of using CT imaging to evaluate response in pancreatic cancer is attributed to the nature of sporadically scattered cancer cells in vigorously growth fibrosis and connective tissue background [10] , eliminating the possibility of identifying tumor lesions. In contrast, apparent diffusion coefficient (ADC) parameter map obtained from diffusion weighted (DW) magnetic resonance imaging (MRI) shows promising in predicting and assessing neoadjuvant therapy in pancreatic cancers [11] [12] [13] . Further, 18 Fluro-deoxy-glucose positron emission tomography (FDG-PET) has several theoretical advantages over conventional CT, partially because FDG capacity reflects tumor cell viability. FDG-PET appears to be superior to the anatomical-base tumor response criteria in lymphoma, lung cancer, mesothelioma [12] , pancreas cancer [10, 14, 15] and esophageal cancer [16] . Furthermore, FDG-PET efficacy in determining treatment response in pancreatic cancer suggested reducing unnecessary operations [17, 18] . Considering the previous facts, an updated PET criterion, known as Positron Emission Tomography Response Criteria in Solid Tumors (PERCIST1.0), has been proposed for consideration in clinical trials and possibly in clinical practice [19] . PERCIST1.0 criteria established slightly different cutoff values with at least 30% decrease in SUL-peak considered for partial metabolic response (PMR), at least 30% increase in SUL-peak considered for progressive metabolic disease (PMD) and stable metabolic disease (SMD) classified if any of the PMR or PMD were not met. The aim of this exploratory study is to investigate the potentials of PERCIST1.0 versus RECIST1.1 in predicting more accurate tumor treatment effect/response that is validated with pathology outcomes.
Materials and Methods
Imaging and pathological data from a total of 15 randomly-selected patients with histologic confirmation of pancreatic adenocarcinoma were retrospectively reviewed. All these patients had tumor in their pancreatic heads and underwent surgery after completing neoadjuvant chemoradiation (nCR) therapy. By our institutional protocol, resectable and borderline resectable pancreatic cancers are treated with chemotherapy (Gemcitabine or Xeloda and FOLFIRINOX or Gemcitabine-Abraxane) and radiation therapy (RT) dose of 50.4 cGy delivered in 28 fractions using intensity modulated radiation therapy (IMRT). All 15 patients had a pre-and -post nCR FDG-PET/CT scans. All patients underwent surgery in a period ranging from 29 to 50 days after completing the nCR treatment, whereas PET/CT scan was usually one week prior to the surgery. Patient characteristics are shown in Table 1 .
PET/CT Imaging
Free-breathing PET studies were performed using a PET/CT system (Discover Loadstone; GE). Patients were instructed to fast for at least 6 hours before acquisition of the PET study to eliminate FDG uptake in normal background organs. For imaging of the pancreatic mass, approximately 10-19 mCi (370-703 MBq) of FDG was injected intravenously. Images from the base of the skull through the mid-thigh level were acquired after a delay period of 45-60 minutes using a whole-body protocol. Non-contrast-enhanced axial CT was obtained over the same geometric prescription for attenuation correction of the PET images. All PET images were reconstructed using the ordered subset expectation maximization (OSEM) algorithm to an average slice thickness of 3.25 mm and pixel spacing of 3.6× 3.6 mm 2 . CT images were acquired with 3.75 mm slice thickness, and 1.4 mm pixel size. The PET/CT images were transferred offline and post processed using MIM system (version 6.4.5; Cleveland, OH, USA).
Pathological Treatment Response
After pancreatectomy, specimens were fixed in formalin overnight and gross examination was performed. The area of tumor and surrounding fibrosis in the head of the pancreas was serially sectioned. Hematoxylin and eosin sections were prepared and treatment effect was evaluated microscopically. The College of American Pathologist (CAP) grading system [20] was used to evaluate the extent of residual tumor as follows: Grade 0 (G0) for complete response (no viable cancer cells), Grade1 (G1) for moderate response (single cells or small groups of residual cancer cells in extensive fibrosis), Grade 2 (G2) for minimal response (residual cancer outgrown by fibrosis), and Grade 3 (G3) for poor response (extensive residual cancer).
PERCIST1.0 vs. RECIST1.1 Criteria PERCIST1.0 necessitates a consistent and reliable measure of tumor activity, hence it recommends using a lean body mass normalize standard uptake value (SUVlb or SUL), which is a less weight dependent approach compared to the standard body weight normalized standard uptake value (SUVbw). Herein the native PET images were converted to SUL on a voxel wise-basis using the built-in algorithm in MIM. Moreover, PERCIST1.0 criterion enforces quantifying the background uptake level by calculating the SUL in one of the two recommended body reference organs; in case of healthy liver, the right lobe of the liver is used, otherwise the descending aorta. The background uptake in the reference organ is determined from both the mean SUL (denoted SUL mean ) and the SUL standard deviation (denoted SUL SD ) in 10 spherical volumes, each with 1 cm 3 spherical region of interest (ROI) located at the right liver lobe, Figure 1A . The SUL in the reference organ can then be calculated following Eqs. (1) and (2) and used to threshold the tumor lesion to create a volume of interest (VOI). The uptake in the reference organs should not vary more than 0.3 SUL units between the different time points of measurements i.e., pre-and post nCR PET/CT scans. The key parameter used in the PERCIST1.0 analysis is the SUL-peak (reportable value) that is defined as the largest possible mean value in a 1 cm 3 spherical ROI positioned within a tumor [14] . A built-in algorithm in MIM (MIM Software Inc.) was used to calculate the SUL-peak. The reader is refereed to [21] for the mathematical detailed aspect of PERCIST1.0. SUL in the right lobe of liver is calculated as:
SUL in the descending aorta is calculates as:
Treatment Response Assessment Treatment response was assessed over two time points, pre-and post nCR, for all 15 patients who underwent PET/CT scan and surgery after completing the nCR therapy. RECIST 1.1 was assessed by measuring the maximum diameter of the whole pancreas head on the CT image from the PET/CT. First, the whole pancreas head was manually contoured on the CT image followed by MIM built-in algorithm of RECIST1.1 to determine the maximum diameter (in cm). For the PETRECIST1.0, the calculated SUL value in the liver was used to threshold the PET image to identify the lesion on the pancreas tumor. With tumor lesion being identified on the PET images, MIM built-in algorithm of PERCIST1.0 was used to determine the SUL-peak. After determining the increase and decrease in tumor size (in cm) and in the SUL-peaks, PERCIST1.0 and RECIST1.1 were correlated with pathological treatment response (PTR) cellularity. This analysis was conducted only on patients whose SUL-peak variation between the two time-points was b0.3 SUL units. In addition, the maximum standard uptake value (SUVmax) was measured in pre-and post nCR PET/CT scans for all 15 patients. For this part, the native PET images were converted to SUVbw on a voxel bases using the MIM build-in algorithm. A ROI circle that is large enough to include all lightens up voxels within the suspected region i.e. pancreas head, would provide enough statistics to measure the SUVmax within the ROI.
To study the correlation between PERCIST1.0 and PTR, a loose criterion was followed with PTR Grade 1 considered a PMR, Grade 2 a SMD, and Grade 3 a PMD.
Statistical Analysis
The pre-and post SUL-peaks and SUVmax, PTR, PERCIST1.0, and RECIST1.1 for the patients studied were transferred to Prism (version 6; GraphPad Software, La Jolla, CA) for statistical analysis. A Mann Whitney test was used to determine whether significant differences existed between pre-and post SUL-peaks and SUVmax, and between PERCIST1.0, RESICT1.1 and PTR. A Person's correlation coefficient test was used to determine the correlation between RECIST1.1 and PERCIST1.0. For all statistical tests, P ≤ .05 was used for significance.
Results

SUL Values
The SUL value in the liver was calculated for the two time-points, pre-and -post nCR, for all 15 patients. The SUL variations between the two time-points were b0.3 SUL units except for one patient, leading to exclude that particular patient from the study. SUL values were significantly different between individuals (P b .05) based on Mann Whitney test, Figure 1B , meaning each patient had a different thresholding cutoff value depending on their physiology and general health condition. The mean and range of SULs (i.e., the cutoff values) for pre-and post nCR was 3.04 (2.51-4.33), and 2.96 (2.35-3.73) for all 14 patients, respectively.
SUL-Peak Data
Pre-and post nCR SUL-peak values were statistically correlated (r = 0.4751) using Person's test for all 14 patients. There was no statistical difference (P b .05) between the pre-and post nCR SUL-peak values based on Mann Whitney test. A lower mean average and SD SUL-peaks were seen in post-nCR (3.63±1.06) compared to those in pre-nCR (4.29±0.89) ( Figure 2) . Pre-and post nCR SUVmax were statistically correlated (r=0.4848) using Person's test for all 14 patients. The differences were statistically significant (P b .05) based on Mann Whitney test. A lower mean average and SD SUVmax were seen in post-nCR (4.31±1.35) compared to those at pre-nCR (7.37±1.96).
Pathological Treatment Response
Post nCR SUL-peaks were correlated with PTR cellularity, using the grading system of Grade 0, 1, 2 or 3 (G0, G1, G2 or G3) for complete, moderate, minimal and poor responses, respectively. A moderate positive insignificant correlation was obtained using SUL-peak (r=0. 26 (i.e. calculated using SUVbw) and PTR (r = -0.0534), (P b .05), Figure 3 . A poor insignificant correlation was established between PRT (cellularity) and PERCIST1.0 (r=0.121) while no correlation was seen with RECIST1.1.
PERCIST1.0 vs. RECIST1.1
Using PERCIST1.0, 62% of the patients showed stable SMD, 23% PMR and 15% PMD. Using RECIST1.1, 85% of patients showed SD, 8% PR, and 7% PD.
Discussion
In this study, the tumor treatment response after neoadjuvant chemoradiotherapy for resectable and borderline resectable pancreatic cancer was assessed according to PERCIST1.0 and RECIST guidelines. PERCIST1.0 was determined by measuring the SULpeaks whereas RECIST1.1 was determined by measuring the longest diameter of the measurable lesion i.e. pancreas head using the CT images from an abdominal PET/CT. Anatomical tumor response evaluation metrics for individuals to certain treatment was found unsatisfactory [9] . It is well known that tumor prognosis is associated with biological aggressiveness of the tumor rather than residual tumor volume after therapy [22] . Typically, large residual masses may only be containing inflammation of fibrotic tissue, whereas smaller residual may contain high resistant and aggressive cell clusters that may lead to relapse or tumor recurrence [2] . Thus, determining the lack of tumor progression by relying solely on tumor size would require more regular and systematic assessments of tumor burden [23] , raising the need to develop newer metrics such as PET that permits visualizing tumor heterogeneity and allows more accurate differentiation between treatment induced fibrosis/necrosis [24, 25] .
In advanced non-small cell lung cancer (NSCLC) Birchard et al. [26] reported no correlation between pathological response outcome and tumor shrinkage or increase in size metrics following neoadjuvant treatment, which could in part, be related to the one dimensional (1D) measurement of the longest tumor axis on an axial slice [27] and to the poor predictive ability of CT to trace cell viability [28] . On the other hand, tumor metabolic response metrics were found to be superior to the anatomical based metric in locally advanced pancreatic tumors after chemoradiation therapy [15] . The multivariate study analysis by Birchard et al [26] found that PERCIST1.0 was the only independent prognostic factor that was associated with overall survival in advanced NCSLC, suggesting that metabolic response to neoadjuvant therapy in advanced NCSLC maybe a better predictor for overall survival than RECIST1.1. A similar finding was confirmed and reported by Ding et al [29] . Recently, the metabolic metrics of FDG-PET was found to increase the chance of detecting local tumor progression in locally advance pancreatic cancer following stereotactic body radiation therapy (SBRT) [30, 31] .
Our study revealed a poor insignificant correlation when cross validating PERECIST1.0 with pathological treatment response outcome (cellularity), while no correlation was established with RECIST1.1. This observation is in line with results discussed previously. On the other hand, a phase II treatment response study of an advanced esophageal and gastroesophageal carcinoma suggested that PERCIST1.0 response in combination with RECIST1.1 may better assess clinical outcome compared to RECIST1.1 response alone [28] . van Veldhuisen et al. [32] also recommended the need for serum CA19-9 response in addition to RECIST criteria for a more accurate selection of exploratory laparotomy patients. These studies showed that a single metrics may not be enough to accurately assess tumor response to treatment.
Based on the findings obtained in this pilot study, SUL-peak values correlates better with pathology treatment response (cellularity) comparing to the SUVmax values, with (r=0.2392) verses (r=0.0534), respectively. Post nCR SUL-peak and SUVmax values were lower comparing to pre nCT SUL-peak and SUVmax values. PERCIST1.0 criteria allows for individual PET thresholding cutoff values that is determined by patient physiology and overall health condition. Using PERCIST1.0, 15% of the patients were found with progressive disease comparing to only 7% using RECIST1.1.
A major limitation in our study is the small patient number. Furthermore, the 3D free breathing PET/CT may underestimate SUL-peak and SUvmax values due to motion of pancreas [33] , demanding thorough investigation perhaps with a 4D PET/CT. For the future work, in addition to increasing number of patients, we will also try to combine PERCIST1.0 response and RECIST1.1 response for improving the correlation between imaging treatment response data and pathological treatment response data.
Conclusion
FDG-PET treatment response metric may be more informative than the CT-based assessment with an enhanced predicative ability related to cell viability information, providing a promising strategy to better select patients that are most suitable for therapeutic intensification.
